The replication checkpoint controls the integrity of replicating chromosomes by stabilizing stalled forks, thus preventing the accumulation of abnormal replication and recombination intermediates that contribute to genome instability. Checkpoint-defective cells are susceptible to rearrangements at chromosome fragile sites when replication pauses, and certain human cancer prone diseases suffer checkpoint abnormalities. It is unclear as to how the checkpoint stabilizes stalled forks and how cells sense replication blocks. We have analysed the checkpoint contribution in controlling replisome-fork association when replication pauses. We show that in yeast wild-type cells, stalled forks exhibit stable replisome complexes and the checkpoint sensors Ddc1 and Ddc2, thus activating Rad53 checkpoint kinase. Ddc1/Ddc2 recruitment on stalled forks and Rad53 activation are influenced by the single-strand-binding protein replication factor A (RFA). rad53 forks exhibit a defective association with DNA polymerases a, e and d. Further, in rad53 mutants, stalled forks progressively generate abnormal structures that turn into checkpoint signals by accumulating RFA, Ddc1 and Ddc2. We suggest that, following replication blocks, checkpoint activation mediated by RFA-ssDNA filaments stabilizes stalled forks by controlling replisome-fork association, thus preventing unscheduled recruitment of recombination enzymes that could otherwise cause the pathological processing of the forks.
Introduction
Chromosome replication represents a potentially harmful event in the life of the cell as single-and doublestrand breaks continuously arise due to the action of nick and closing enzymes (i.e. DNA topoisomerases), and nucleotides are often misincorporated during DNA polymerization (Kornberg and Baker, 1992) . Further, the replisome has to deal with repetitive sequences on the template that may cause slippage of the newly synthesized chains or with highly transcribed chromosomal regions that slow down replication (Deshpande and Newlon, 1996; Ivessa et al., 2000) . In fact, certain genomic regions known as fragile sites represent hot spots for rearrangements and deletions due to their intrinsic difficulty to be replicated (Cimprich, 2003) . The situation can become even more dramatic when cells experience DNA damage while they are replicating the genome: a damaged template may represent a barrier for the replisome leading to transient replication blocks that are a potential source of chromosomal breaks. Hence, cells to maintain the integrity of replicating chromosomes have to coordinate highly DNA replication with DNA repair and recombination. Eukaryotic cells have developed a sophisticated control mechanism, known as replication checkpoint (Foiani et al., 2000; Boddy and Russell, 2001; Osborn et al., 2002) , entirely devoted to coordinate replication with repair, recombination, transcription and cell cycle progression. A failure to activate or transduce the replication checkpoint response inevitably results in genome instability and cancer (Shiloh, 2001) . Checkpoint alterations sensitize cells to replication blocks induced by DNA synthesis inhibitors causing the collapse of replication forks and consequent accumulation of pathological structures that contribute to the formation of chromosomal lesions (Lopes et al., 2001; Tercero and Diffley, 2001; Cha and Kleckner, 2002; Sogo et al., 2002) . The checkpoint response is also required to maintain genome stability during unperturbed replication at the level of fragile sites and slow replicating zones, preventing break formation (Casper et al., 2002; Cha and Kleckner, 2002; Brown and Baltimore, 2003) .
The replication checkpoint pathway has been highly conserved throughout the evolution, and in human cells is mediated by the ATM, ATR, Chk2 and Chk1 protein kinases (Shiloh, 2001) . Mutations in ATM cause Ataxia telangiectasia, an inherited disorder characterized by genome instability and cancer predisposition (Shiloh, 2001 ). Chk2, a kinase acting downstream of ATM, has also been implicated in preventing checkpoint abnormalities and cancer (Bartek and Lukas, 2003) .
In yeast, the replication checkpoint is mediated by the Mec1 (ATM/ATR orthologue) and Rad53 (Chk2 orthologue) kinases (Foiani et al., 2000) that actively control the integrity of replicating chromosomes in response to replication pausing or intra-S DNA damage (Lopes et al., 2001; Tercero and Diffley, 2001; Sogo et al., 2002) . rad53 cells exposed to hydroxyurea (HU)-induced replication blocks progressively accumulate abnormal replication structures characterized by extensive singlestranded DNA (ss-DNA) regions at the forks. These aberrant intermediates include hemireplicated and gapped molecules likely resulting from lagging strand defects (Lopes et al., 2001; Sogo et al., 2002) . This hypothesis is supported by the findings that the lagging strand replication apparatus (the DNA polymerase alpha-primase complex (pol-prim) and replication factor A (RFA)) is regulated in response to checkpoint activation (Brush et al., 1996; Pellicioli et al., 1999; Brush and Kelly, 2000) , and that certain pol-prim and RFA mutants exhibit allele-specific checkpoint defects (Longhese et al., 1996; Marini et al., 1997) .
The checkpoint-mediated mechanisms that protect the stability of stalled replication forks are still elusive. In this work, we show that the Mec1/Rad53 pathway is required to stabilize replisome-fork association in response to replication pausing, and we provide evidence that cells perceive the presence of stalled replication forks by sensing RFAss-DNA filaments.
Results
At least two possible explanations could account for the replication defects of rad53 cells: (i) an alteration in the catalytic properties of the enzymes involved in lagging strand synthesis and (ii) the inability to maintain a stable replisome-fork association in response to replication blocks.
To address this issue, we have analysed by chromatinimmunoprecipitation (ChIP) (Strahl-Bolsinger et al., 1997; Kamimura et al., 2001 ) the timing and stability of replisome-fork association in wild-type (wt) cells compared to checkpoint-defective rad53 mutants in response to HU treatment.
Wt and rad53 cells were released from G1 in the presence of HU. ChIP analysis was carried out on the chromosomal region containing ARS305 (Newlon et al., 1993) , which has been extensively characterized at the level of firing and processing in the presence of HU both in wt-and checkpoint-defective mutants (Lopes et al., 2001) . Besides the fragment containing ARS305, we have also analysed three regions positioned 9 kilobases (kb) to the left and 8 and 17 kb to the right, respectively, of ARS305 (Figure 1a ). Using this approach, it is possible to measure the specificity of association and, in certain cases, the movement of the replisome-fork complex (Aparicio et al., 1997; Kamimura et al., 2001 ).
In wt cells, Orc2 remains bound to the ARS305 fragment during the HU treatment. This is consistent with the previous observations, demonstrating that the ORC complex is able to bind to the origins of replication throughout the cell cycle (Aparicio et al., 1997) . We failed to detect any relative reduction in the level of Orc2-ARS305 fragment association in rad53 mutants compared to wt cells (Figure 1b) , indicating that the pathological accumulation of abnormal replication structures caused by the checkpoint defect does not prevent the establishment and maintenance of Orc2-ARS305 interaction during the HU treatment.
We then analysed the association of the three replicative DNA polymerases (Hubscher et al., 2000) with the ARS305 fragment (Figure 1b) . In wt cells, Pol a, d and e begin to associate at 40 min, following the addition of HU; the level of association starts to decrease at 90 min, perhaps as a result of polymerase Cultures from the indicated strains were grown at 251C in YP 2% Raff medium, arrested in G1 by a-factor treatment and released into the S phase in the presence of 0.2 M HU. Samples were taken at the indicated time points and processed by ChIP. The PCR products were separated on a 2.5% agarose gel, stained with ethidium bromide; quantifications were carried out using the NIH Image 1.62 software
Checkpoint control of replication fork stability C Lucca et al movement, considering that even in the presence of HU, in wt cells, the forks can still extend from ARS305 to adjacent regions (Lopes et al., 2001) . We found that in rad53 cells, DNA polymerases a and e still associate with the ARS305 fragment, but the level of association is reduced compared to wt cells, and decreases with time . Similar results were obtained with Pri1 , the primase subunit of Pol a and Dpb11 (Araki et al., 1995) , a protein interacting with Pol e (data not shown). Pol d associates with ARS305 fragment at 40 min, roughly at the same level as in wt cells, but then rapidly dissociates. We note that, different from wt cells, in rad53 mutants, the replication forks progressively degenerate during the HU treatment and do not extend to adjacent regions (Lopes et al., 2001; Sogo et al., 2002) . We can therefore conclude that in rad53 cells, the interaction between DNA polymerases and replication forks is somehow limiting and this correlates with the progressive degeneration of the forks. Further, while at 40 min Pol a and e, but not Pol d, are loosely associated with the HU-arrested forks, later on all three polymerases dissociate from the ARS305 fragment.
In HU-treated wt and Rad53 cells, the forks accumulate ss-DNA regions that very likely are responsible for generating checkpoint signals (Garvik et al., 1995; Lee et al., 1998; Pellicioli et al., 2001; Sogo et al., 2002; Vaze et al., 2002) . However, while in wt cells checkpoint activation and ss-DNA accumulation are reversible, in rad53 mutants the checkpoint signal also persists when HU is removed from the medium (Lopes et al., 2001) , thus contributing to maintain the Mec1 pathway as active (Lopes et al., 2001) . These ss-DNA regions could be rapidly engaged by specialized ss-binding proteins such as RFA, which is implicated in replication, recombination (Wold, 1997) and DNA damage sensing (Zou and Elledge, 2003) , or Rad51, which promotes homologous recombination by forming nucleo filaments (Paˆques and Haber, 1999) . At least in theory, ss-DNA covered with any of these factors could influence the activation of the checkpoint response when forks stall.
We first tested whether the accumulation of ss-DNA regions in wt and rad53 cells could influence RFA-fork association.
In wt cells, Rfa1 begins to associate with ARS305 at 40 min (Figure 2a ). With time, the level of association between Rfa1 and the ARS305 fragment progressively decreases and, concomitantly, its presence at adjacent fragments increases (120 and 150 min). This is likely the result of fork movement that is consistent with the distance covered by the moving forks (Lopes et al., 2001) .
In rad53 cells, Rfa1 is recruited with the same kinetics as in wt cells, but the level of association near ARS305 does not decrease with time; rather it is maintained at an even higher level compared to wt cells, persisting throughout the treatment. Hence, despite the accumulation of aberrant structures at the forks, due to Rad53 checkpoint defects, Rfa1 is still recruited on the ARS305 fragment.
The increased level of Rfa1 association observed in rad53 cells is likely due to the pathological accumulation of extensive ss-DNA regions. The failure to detect the association of Rfa1 in adjacent chromosomal regions in rad53 cells at later time points is consistent with the observations that forks do not move in HU-treated Rad53 cells. Hence, Rfa1 seems to be anchored to the stalled forks that are progressively processed into abnormal structures.
Since the replication intermediates in HU-treated rad53 cells experience unscheduled recombination events (Lopes et al., 2001; Sogo et al., 2002) , we tested whether Rad51 or Rad52 recombination proteins were recruited on Rad53 replication forks. We failed to detect any association of Rad51/Rad52 with the ARS305 chromosomal fragment in HU-treated wt or rad53 cells (data not shown). Although it is formally possible that our assay is not sensitive enough to detect a small fraction of Rad51/Rad52-associated forks, this negative result is consistent with the finding that the accumulation of abnormal structures observed in rad53 cells is independent of both Rad51 and Rad52 (Lopes et al., 2001) .
We then tested whether the checkpoint proteins, Ddc1 and Ddc2, were recruited on the forks in HU-treated wt and rad53 cells (Figure 2b ). Ddc1 and Ddc2 act very early in the checkpoint pathway and bind damaged DNA (Kondo et al., 2001; Melo et al., 2001; Rouse and Jackson, 2002) . Ddc2 associates with Mec1 and is required for Rad53 phosphorylation and cell survival in response to HU treatment (Edwards et al., 1999; Paciotti et al., 2000; Rouse and Jackson, 2000) . Conversely, Ddc1 seems to be partially dispensable for cell survival (Longhese et al., 1997) and for Rad53 Figure 1 Checkpoint control of replication fork stability C Lucca et al phosphorylation and activation following HU treatment (Pellicioli et al., 1999) . In wt cells, Ddc2 and Ddc1 associate to ARS305 fragment at 40 min and, with time, the association decreases, analogous to what was observed for Rfa1. This result suggests that the presence of short patches of ss-DNA (Sogo et al., 2002) is sufficient for the recruitment of the checkpoint proteins on the forks originating at ARS305. The finding that, with time, the ChIP signal for both Ddc1 and Ddc2 increases at chromosomal fragments adjacent to ARS305 suggests that Ddc1 and Ddc2 move along with the fork, analogously to what is observed with Rfa1.
The analogy with Rfa1 behaviour can be also extended to rad53 mutants: again, the level of Ddc1 and Ddc2 association is slightly higher in rad53 compared to wt cells; further we failed to detect increased association in the adjacent chromosomal fragments, suggesting that both Ddc1 and Ddc2 remain associated with the stalled forks. We then tested whether RFA could influence the association of the checkpoint proteins with stalled forks.
The rfa1-t11 allele is replication proficient, but exhibits recombination defects and DNA damage sensitivity . Cells carrying rfa1-t11 are able to activate the DNA damage checkpoint, but this mutant protein is able to rescue the failure of several adaptation mutants to inactivate the checkpoint (Lee et al., 1998 Pellicioli et al., 2001) . Further, rfa1-t11 cells have been recently shown to be defective for recruiting Ddc2 to ss-DNA in response to DSB formation in G2 (Zou and Elledge, 2003) .
We failed to detect any abnormal replication intermediates in HU-treated rfa1-t11 cells using the twodimensional gel technique (Friedman and Brewer, 1995) (Figure 3a) , suggesting that, in this mutant background, replication forks remain stable following HU treatment. This is also consistent with the observation that rfa1-t11 cells are still able to complete replication during recovery from HU (data not shown) and that the level of Orc2 and Pol a fork association is comparable to the one of wt cells (Figure 3b ). We found that in rfa1-t11 cells, Ddc1 and Ddc2 association with ARS305 fragment is greatly reduced compared to wt cells (Figure 4a) . A logical expectation from this finding is that rfa1-t11 cells would be partially defective in activating Rad53 following HU treatment. Indeed, we found that in HU-treated rfa1-t11 cells, Rad53 phosphorylation and activation are partially impaired (Figure 4b ). The Rad53 activation still observed in rfa1-t11 mutants is independent of the ATM homologue Tel1 and requires a functional Mec1 (data not shown) and, therefore, is likely promoted by the residual amount of Ddc2 bound to stalled forks. In any case, the reduced level of Rad53 activation in rfa1-t11 mutants still seems to be able to prevent replication fork collapse in the presence of HU; however, it may not be sufficient to sustain the maintenance of an active checkpoint in adaptation mutants, thus explaining the capability of rfa1-t11 mutants to rescue adaptation defects (Lee et al., 1998 Pellicioli et al., 2001) . Altogether, our results suggest that rfa1-t11 is partially defective in checkpoint activation in response to replication blocks due to the inability to promote (or perhaps to maintain) a stable association between Ddc2 and stalled forks.
Discussion
In checkpoint-defective mutants, stalled replication forks are rapidly converted into abnormal recombination intermediates that lead to chromosome rearrangements (Lopes et al., 2001; Tercero and Diffley, 2001; Cha and Kleckner, 2002; Sogo et al., 2002) . These events might have important implications for the enhanced genome instability observed in those human genetic syndromes caused by checkpoint defects and, at the somatic level, in cancer cells exhibiting checkpoint abnormalities (Shiloh, 2001 ). The same molecular ChIP analysis of the indicated strains was carried out as described in Figure 1 Checkpoint control of replication fork stability C Lucca et al mechanism has also been invoked to explain the frequent rearrangements observed at fragile sites (Casper et al., 2002; Brown and Baltimore, 2003; Cimprich, 2003) . However, it is still unclear how a checkpoint defect may lead to unscheduled recombination events, and particularly which are the factors that actively channel stalled replication forks into abnormal structures.
Replicating chromosomes represent the obvious substrate for replication proteins, such as DNA polymerases that engage the 3 0 end of newly synthesized strands, and also for a variety of recombination proteins that could form nucleofilaments and/or promote the formation of Holliday junctions or resection events, with dramatic consequences for the integrity of the genome. Hence, at least in theory, replicating chromosomes are continuously challenged with dangerous activities that compete with the replisome for the substrate. The situation is particularly crucial when forks encounter replication pause sites or when DNA synthesis is inhibited by certain drugs or impeded by DNA damage. Our data indicate that the association of DNA polymerases a and e with stalled forks depends upon a functional checkpoint. Both polymerases have already been implicated in the checkpoint response as certain alleles in the primase subunit of Pol a and in the catalytic subunit of Pol e exhibit checkpoint defects (Navas et al., 1995; Marini et al., 1997) . Further, the phosphorylation state of Pol a is controlled by the checkpoint and, at the molecular level, rad53 replication defects resemble the lagging synthesis abnormalities of pol-prim mutants (Pellicioli et al., 1999; Lopes et al., 2001; Sogo et al., 2002) .
Pol d behaves differently from the other replicative polymerases and, so far there is no evidence connecting this polymerase with the checkpoint pathway. It is possible, however, that, in checkpoint mutants, as a result of the loose association between Pol a and Pol e and the forks, Pol d might also fail to maintain a productive association with the substrate. Indeed, our data suggest that rather than exhibiting a problem in loading Pol d on ARS305 fragment, rad53 cells are defective in maintaining this polymerase tightly associated to the fork. In any case, the different behaviour between Pol a/e versus Pol d, can very well account for the abnormal replication intermediates (hemireplicated and gapped structures) observed in HU-treated rad53 cells, resulting from uncoupling between leading and lagging strand synthesis (Sogo et al., 2002) . Altogether, our observations suggest that Pol a, and likely Pol e, represent crucial targets of the checkpoint. The finding that wt cells accumulate stable replisome-fork complexes when DNA synthesis is blocked rules out the hypothesis that stalled forks collapse in response to replication blocks and that, in order to restart DNA synthesis when the block is removed, cells need to reload the polymerases on the forks. We propose that Rad53 stabilizes stalled forks by gluing the replisome on the replicating molecule either by changing the phosphorylation state of key replication proteins and/or by modulating the availability of dNTPs (Zhao et al., 1998) that could influence the productive association of polymerase to the substrate. This safety mechanism would have the dual function of allowing an efficient replication restart once the block is overcome and preventing the unscheduled recruitment of yetunidentified recombination proteins that could convert replication intermediates into abnormal structures. This picture is also consistent with the finding that in CHO cells treated with aphidicolin to block DNA synthesis and caffeine to inhibit the checkpoint, early replication foci become unstable (Dimitrova and Gilbert, 2000) . Further, we note that the inability to stabilize the replisome on stalled forks in a checkpoint-defective context represents an irreversible event (Labib et al., 2000) since, in order to reload it, the cell would have to refire the origins.
Another important issue is how can normal cells sense the replication block. We have recently shown that in cells treated with HU, compared to normal conditions, each fork exhibits an asymmetric accumulation of short ss-DNA regions that likely contributes to signal to the checkpoint machinery that DNA synthesis is blocked (Sogo et al., 2002) . This is in accordance with previous observations implicating single-stranded DNA in checkpoint activation and with the finding that HU-treated Rad53 mutants accumulate extensive regions of ss-DNA that maintain Mec1 active (Garvik et al., 1995; Lee et al., 1998; Lopes et al., 2001; Pellicioli et al., 2001; Sogo et al., 2002; Vaze et al., 2002) . A crucial question that remains to be addressed is whether the checkpoint signal at stalled forks is represented by ss-DNA or by ss-DNAprotein complexes. We favour the second hypothesis for the following reasons: (i) due to the biophysical properties of ss-DNA, and to the abundance of ss-DNA-binding proteins it is very unlikely that, within the nucleus ss-DNA is ever present as naked DNA (ii) in HU-treated rad53 mutants, following psoralen crosslinking and EM analysis, we were unable to detect the formation of hairpins on the single strand of the hemireplicated bubbles (Sogo et al., 2002; J Sogo, M Lopes and M Foiani unpublished results) , strongly suggesting that ss-DNA is always coated with proteins. Among several proteins that could bind ss-DNA at stalled forks, RFA certainly represents a key player as it has been implicated in DNA replication, recombination and checkpoint (Wold, 1997) , and more recently in DNA damage sensing (Zou and Elledge, 2003) . We found that Rfa1 associates with stalled forks both in wt and rad53 cells, although its accumulation is higher in the checkpoint mutant. Hence, the presence of Rfa1 on the forks strongly correlates with the presence of ss-DNA, even in pathological situations such as Rad53 cells. We found that Ddc1 and Ddc2 are also recruited on stalled forks and their accumulation parallels the one of Rfa1, also in rad53 cells, suggesting that the ss-DNA resulting from the HU treatment is rapidly engaged by RFA and checkpoint factors. Our findings provide a molecular explanation for the observation that rad53 cells generate irreversible checkpoint signals that also persist during recovery from HU. Further, they are also consistent with the recent observation that Ddc2 has been implicated in the formation of foci in response to intra-S DNA damage (Tercero et al., 2003) . It was somewhat surprising to find Ddc1 associated with the forks in HU-treated wt cells, considering that Ddc1 is required for checkpoint activation in response to DNA damage, but not in the presence of HU (Pellicioli et al., 1999) . A likely possibility is that cells experiencing the HU-treatment are committed to deal with potential DNA damage and that Ddc1 is recruited, perhaps with the aim to load alternative polymerases (Kai and Wang, 2003) to replicate across a forthcoming lesion but, in fact, when HU is present this is hypothetical, as the replication block does not result in DNA damage. The finding that Ddc1 and Ddc2 fork association is reduced in rfa1-t11 mutants and that Rad53 activation is partially impaired indicates that RFA filaments can influence checkpoint activation also during S phase when forks stall. This is consistent with evidence connecting RFA with DNA damage sensing (Zou and Elledge, 2003) . In this scenario, the Mec1-dependent phosphorylation events that target RFA in HU-treated cells (Brush et al., 1996; Brush and Kelly, 2000) might be required to commit RFA towards repair or recombination or to modulate its function in recovery or adaptation (Lee et al., 1998; Vaze et al., 2002) . Altogether, our results provide a molecular scenario for the mechanisms that control the integrity of replicating chromosomes and that influence checkpoint activation in response to replication stress. Further, they contribute to elucidate the molecular causes leading to genome instability in checkpoint-defective contexts.
Materials and methods

Yeast strains
All the strains are isogenic of W303-1a (Table 1) . Strains CY3217, CY3211, CY5432, CY6250, CY6294, CY3213, CY5845 and CY6212 were obtained by PCR using the onestep tagging method (details available upon request). Strains CY5490, CY5242, CY5241, CY5613, CY6295, CY5679, CY5846 and CY6215 were obtained by integrating the EcoRI-digested pCH8 at the RAD53 locus in the corresponding wt strains, as described previously (Pellicioli et al., 1999) . Strain CY5677 and CY5678 were constructed by integrating the PstI-digested YIplac211-POL2-3HA/C (kindly provided by H Araki) in W303-1a and CY2034 (W303-1a rad53-K227A). Strain CY5467 was constructed by integrating the EcoRI-digested pKU2-rfa1-T11 plasmid at the RFA1 locus. Strains CY6242, CY6251, CY6017 and CY6220 were obtained by crossing CY6021 (Mata, with CY3217, CY3211, CY5845 and CY6212, respectively.
Chromatin immunoprecipitation
ChIP analysis was carried out as already described (Kamimura et al. 2001) . Samples were incubated 20 min with 1% formaldehyde. The crosslinking reaction was then stopped by a further incubation in the presence of 125 mM glycine. The chromatin was fragmented by sonication and the immunoprecipitation reaction was carried out on the clarified extracts with anti-myc or anti-HA antibodies for 2 h at 41C. The crosslinking was then reversed by an overnight incubation at 651C in the presence of 1% SDS. Multiplex PCR was performed on purified DNA before (WCE) or after (IP) the immunoprecipitation reactions. The oligonucleotides used for the amplifications of the different fragments have already been described (Kamimura et al., 2001) .
The fold enrichment of ARS305 was measured as follows: we first calculated the ratio between the values of ARS305 fragment and the values of the distal fragment (17 kb) for each time point. The numbers obtained were then divided for the same ratio calculated on the WCE samples of each time point. The experiments were performed at least three times for each protein and identical results were obtained.
Two-dimensional gel technique
The procedure for DNA preparation and the electrophoretic conditions used for the two-dimensional gel technique have already been described (Lopes et al., 2001) . Nylon membranes were analysed by Southern blot using a probe spanning ARS305 (Lopes et al., 2001 ).
Rad53 Western blotting and ISA assay
The conditions used to prepare yeast extracts and to analyse Rad53 phosphorylation by Western blotting and activation by ISA assay have already been described (Pellicioli et al., 1999) .
